A simple quark-diquark model for the baryons is constructed as a partial solution to the well known missing resonances problem. A complete classification of the baryonic states in the quarkdiquark framework is given and the spectrum is calculated through a mass formula built to reproduce the rotational and vibrational Regge trajectories. * Electronic address: elena.santopinto@ge.infn.it
I. INTRODUCTION.
From the introduction of the quarks, the baryons have always been thought as made up of three constituent confined quarks. The light baryons, in particular, have been ordered according to the approximate SU(3) f symmetry, which requires that the baryons belong to the multiplets [1] [10] S . However, when we consider the spatially excited resonances, many more states are predicted than observed and on the other hand, states with certain quantum numbers appear in the spectrum at excitation energies much lower than predicted [1] . Considering only the non-strange sector up to an excitation energy of 2.41 GeV , in the average about 45 N states are predicted, but only 12 are established (four-or three-star) and 7 are tentative (two-or one-star) [1] . This is the so-called missing resonances problem. One possible solution to this problem is to describe two correlated quarks inside the baryons by means of the diquark effective degree of freedom. In this case the number of states predicted are considerably fewer. There have been several studies, ranging from one gluon exchange models to lattice QCD calculations, that have investigated the possibility of diquark correlations and found that they are indeed attractive (see for example [2] [3] [4] [5] [6] ). In this article we construct all the allowed states in the framework of the constituent quark-diquark model and we try to assign every known light baryons (with masses smaller than 2 GeV circa) to the appropriate multiplet. Thinking the quark-diquark system as a stringlike object analogous to the quark-antiquark mesons [7, 8] , we can, moreover, write a simple mass formula, constructed with the aim to reproduce both rotational and vibrational Regge trajectories.
II. A QUARK-DIQUARK MODEL FOR BARYONS.
In this model we hypothesize that the baryons are a bound state of two elements, a constituent quark and a constituent diquark. We think the diquark as two correlated quarks with no internal spatial excitations, or at least we hypothesize that their internal spatial excitations will be higher in energy than the scale of masses of the resonances we will consider, i.e. light resonances up to 2 GeV masses. Actually calculations in a simple, Goldstone-theorem-preserving, rainbow-ladder DSE model [4, 5] have confirmed that the first spatially excited diquark, the vector diquark, has a mass much higher than the ground states, the scalar and the axial-vector diquarks. Diquarks are made up of two identical fermions and so they have to satisfy the Pauli principle. Since we consider diquarks with no spatial excitations, their colour-spin-flavour wave functions must be antisymmetric. This limits the possible colour-spin-flavour representations to be only
colour in [6] (S), spin-flavour in [15] sf (AS).
The decomposition of these SU sf (6) representations in terms of SU(3) f ⊗ SU(2) s is (in the notation [flavour repr., spin])
Since the baryons must be colourless, we can allow only the diquark states in colour [3] c :
The first of the above states is the scalar (or good) diquark, the second is the axial-vector (or bad) diquark. In the following we will represent scalar diquarks by their costituent quarks (denoted by s if strange, n otherwise) in a square bracket, while axial-vector diquarks are in a brace bracket. This choice is not casual, because the explicit expression of diquarks is the commutator of the constituent quarks for the scalar ones and the anticommutator for the axial-vector ones.
III. BARYONS AND THE PAULI PRINCIPLE.
The Pauli principle implies that the baryons must be antisymmetric for exchange of each couple of quarks. First we describe the application of this principle to the baryons in the three quarks model, in order, then, to underline the differencies with the quark-diquark model.
In the three quarks model we can have the spin-flavor states
where the subscripts indicate the symmetry of the state. Since we have two different relative angular momenta, we can have symmetric, mixed and antisymmetric spatial parts, independently from the spatial model adopted.
In order to obtain an antisymmetric baryon, we have to combine the spin-flavor-spatial part with the antisymmetric color part. Thus, we need a symmetric spin-flavor-spatial part that can be obtained only through the combinations reported in the left side of Table I .
In the quark-diquark model we can have only the spin-flavor states
Since in the quark-diquark model we freeze one spatial degree of freedom, thus fixing one of the two relative angular momenta to zero and letting the other vary, we can have only symmetric (if the relative orbital angular momentum L is even) or mixed (if L is odd) spatial parts. We report in the right side of Table I the allowed spin-flavor-space combinations. Hence the sequence of states would be
and so on... .
IV. THE MASS FORMULA
We write for the baryons in the quark-diquark model a simple mass formula which reproduces the Regge trajectories, inspired by the algebraic models for mesons and baryons [7] [8] [9] [10] [11] [12] :
where Λ is an overall scale constant taken equal to 1 GeV 2 , M 0 the sum of the masses of the non-strange scalar diquark [n, n] and of the non-strange quark, N s and ∆M s are the number of strange quarks and the mass difference between the strange quark and the non-strange one, N [n,s] and ∆M [n,s] are the number of strange scalar diquarks and the mass difference between the strange scalar diquark and the non-strange one, N {n,s} and ∆M {n,s} are the number of strange axial-vector diquarks and the mass difference between the strange axialvector diquark and the non-strange scalar diquark, N {s,s} and ∆M {s,s} are the number of double strange axial-vector diquarks and the mass difference between the double strange axial-vector diquark and the non-strange scalar diquark, C 2 (SU (3) f ) and C 2 (SU (6) sf ) are the quadratic Casimirs of flavour SU(3) f and spin-flavour SU(6) sf respectively, L the relative orbital angular momentum, S the total spin, J the total angular momentum and ν the vibrational quantum number.
V. QUANTUM NUMBERS.
In order to use the mass formula (7), it is necessary to assign to every baryon its quantum numbers, in particular those, like L and S, not determined by the experiments. For this purpose we consider only well known baryons, namely the three and four stars baryons. We classify the light baryons following three guidelines. First of all we must obviously respect the quantum numbers that can be measured experimentally (like J, P , etc...). Then we must respect the constraint related to the diquark spin-flavor states: ] ⊕ [8, 1 2 ] ⊕ [10, 3 2 ] ⊕ [10,
As we can see only the baryons in a flavor octect and spin 1 2 can be made up of both the scalar or the vector diquark, while the baryons in a flavor singlet can be composed only by scalar diquarks and those in a flavor decuplet only by vector axial-diquarks. Finally we must impose that the spin-flavor-space part must be symmetric. As we have seen in section III, the 2 ] with L P = (2m) + are not allowed. The energy splittings and the actual ordering of the various multiplets will obviously depend on the details of the particular model used.
consequence is that we must respect the sequence of states ].
This means, for example, that we cannot have a flavor singlet with L = 0.
In Table II we report a general classification, valid for all quantum numbers, of the baryon multiplets in the quark-diquark model, while in Table III we assign the light known baryons [13] and the PDG [1] . It is important to underline that we lack a sure criterion to assign the diquark content to the baryons (i.e. we cannot say if a particular baryon should be made up of a scalar, an axial-vector or even a mixing of the two diquarks).
We found only two sure elements on which the choice can be based:
• Isospin and strangeness:
We must remember that every baryon family has a definite isospin and strangeness:
N has isospin I = • Diquark masses:
We can say, following all the previous studies about the diquarks (as for example Refs. [2, 3, 6] ), that the axial-vector diquark should be heavier than the scalar one. Thus, if we have two baryons with similar quantum numbers but different masses, we will assign the axial-vector diquark to the heavier one.
In this first attempt we choose to assign to all the baryons being part of the same flavour multiplet an analogous diquark content(i.e. if we establish that a baryon should have for example a scalar diquark, then all the other baryons of the same multiplet will have a scalar diquark). In this way we think that all the mass differences inside a baryon multiplet should be addressed to the different strangeness of the various baryons. 
VI. FIT AND RESULTS
We determine now the parameters of the mass formula (7) through a fit. We excluded from the fit the states for which their diquark content cannot be determined following the criterion described in section V. These states have a question mark next to their diquark Table V: Same as Table IV but for baryons with L = 1. All the masses are in GeV . Tables IV, V and VI. The results of the fit are:
VII. CRITICAL DISCUSSION OF THE RESULTS.
The principal feature of our quark-diquark model is the drastic cut in the number of baryonic states. In fact, while all the existing baryonic resonances still fits well in our scheme, we have much less missing states than a normal three quarks constituent model.
Nevertheless quite a few missing states still remain and these should be further investigated, both from a theoretical and an experimental point of view. The mass formula resulting from the fit describes reasonably well the spectrum, with a χ 2 /n.d.f = 8.75. The resulting orbital and vibrational Regge trajectory slopes, α = b + d = 1.005 GeV 2 and n = 1.37 GeV 2 , agree quite well with the theoretical expectations in a string model [7-9, 17, 18] . Important parameters of constituent quark models are, more than the absolute masses of the constituent quarks, which can vary greatly with the model used, the mass differences between these constituents, which tend to be more stable and may be compared with results obtained with both constituent and other models, such as QCD inspired and lattice ones. Our value for the mass difference between the strange and the non-strange quark ∆M s is compatible with the estimates of the constituent quark models and with the PDG value for the current quark mass difference [1] . The difference ∆M {n,n} = M {n,n} − M [n,n] , as well as the mass differences between [n, s] and [n, n], between {n, s} and {n, n} and between {n, s} and [n, s], have been compared with the predictions made through the main other models for the constituent diquark (see Table VII ). Apart from ∆M {n,n} , which is somewhat smaller than the other models, all the mass differences lie in the same range of values of the other works.
We managed to describe in a sufficiently satisfactory way the baryons spectrum with a very simple mass formula, based essentially on only two elements: the constituent quarkdiquark structure of the baryons and the Regge trajectories. Thus, we can conclude that these two elements should be the basis of future, more advanced investigations.
